The microstrip reflectarray antenna is an attractive directional antenna combining advantages of both the reflector and the microstrip array antenna. For the design of this kind of antenna, the conventional method, which is based on the reflection phase curve, may not be effective because of the approximations made in the design procedure. The common optimization method that employs an optimization algorithm in conjunction with the full-wave simulation to optimize the antennas' structural parameters is able to achieve better performances in comparison with the conventional method; but it is impractical for large-scale microstrip reflectarray antennas due to too many structural parameters from variable reflection elements. To tackle the design problem of the microstrip reflectarray antenna, a new method is proposed for the first time. It optimizes the reflection phase curve rather than the structural parameters and then utilizes the optimized reflection phase curve to design the antenna. A microstrip reflectarray antenna working at 5.8 GHz and with a fixed size of 300 mm × 300 mm is designed for high gain as a sample design. The results show that the proposed method has greatly improved the antenna's gain over 2.2 dB (from 19.7 dBi to 21.9 dBi) in comparison with the conventional design method, and it only needs to optimize 6 structural parameters, in contrast to 22 for the common optimization method.
Introduction
The microstrip reflectarray antenna proposed by Malagisi [1] has raised significant interest in the high-gain antenna field, due to its salient features combining some of the best features of reflector and array antennas [2] . It provides an attractive alternative to conventional directive antennas and has been widely applied in many fields recently, for example, direct broadcast satellite (DBS), space telemetry, and radar applications [3] [4] [5] .
A microstrip reflectarray antenna usually consists of a feed source and a reflector. The feed source is an antenna placed at a certain distance from the reflector, and the reflector is an array of microstrip patches and/or slots etched on a grounded dielectric substrate. Microwave energy is emitted from the feed source and scattered by the reflector. Elements in the reflector are designed to generate proper phase compensations associated with the path lengths from the feed source so that a planar phase surface is formed in front of the aperture of the antenna, and in this way the directional radiation property with high gain can be achieved.
The conventional design method for the microstrip reflectarray antenna contains the following major steps: analyzing the phase characteristics of the reflection elements using numerical simulations to obtain a reflection phase curve, which describes the one-to-one correspondence between the phase compensation and a structural parameter that controls the elements' reflection phase; calculating the required phase compensation for each reflection element according to the distance and the relative location between the reflection element and the feeding source; and finally determining the structural parameters of the reflection elements based on the reflection phase curve and the required phase compensation [2, [6] [7] [8] .
This conventional design method is simple and has been adopted for most microstrip reflectarray antennas. However, its design may not be an optimum one because of the approximations made in the design procedure as described 2 International Journal of Antennas and Propagation as follows. The reflection phase curve is obtained under the assumption of a normal incidence [9] , but actually the incident angle may vary and the reflection phase curves are different with different incident angles [10] . The feed source and the reflection elements are considered as sizeless points in the calculation of the path length for determining the phase compensation [2] . The coupling effect between the reflection elements is ignored in the design procedure but it actually may not be negligible when the distance between patch edges is small (e.g., less than a quarter wavelength) [2, 11] . The field diffracted by the reflector's edges, the shielding effect of the feed source, and the support frame are not taken into account in the design procedure [2, 12] . Those approximations may bring forth errors in the design and subsequently deteriorate the performances of the antennas designed.
A widely used method for antenna design employs an optimization algorithm such as the genetic algorithm (GA) in conjunction with the full-wave simulation to optimize the antenna's structural parameters [13] [14] [15] [16] . The optimization algorithm enables design of antennas with optimum performance, and the full-wave simulation allows taking all the involved effects into account without the abovementioned approximations. This method was employed in the authors' previous work [17] to design a microstrip reflectarray antenna consisting of 7 × 7 reflection elements, and encouraging results were achieved; for example, the antenna's gain has been considerably improved over 1.4 dBi (from 18.1 dBi to 19.5 dBi) in comparison with the conventional design method.
However, the aforementioned common optimization method is impractical for a large-scale microstrip reflectarray because its large number of structural parameters deriving from its variable reflection elements would result in too many unknown parameters needed in the optimization. Taking the microstrip reflectarray studied in [17] as an example, the number of the unknown structural parameters is 10 for the antenna containing 7 × 7 reflection elements, but it will become 27 if the quantity of the reflection elements rises to 13 × 13. In practical applications, microstrip reflectarray antennas are usually of much more reflection elements, which would result in not only a huge computation burden but also a difficulty of achieving good results using an optimization algorithm. That is why very little work published in literature has employed the optimization method to design a microstrip reflectarray antenna.
To solve the design problem of microstrip reflectarray antennas, this paper proposes a novel method, which employs an optimization algorithm in conjunction with the full-wave simulation to optimize the reflection phase curve rather than the structural parameters and then uses the optimized reflection phase curve to design a microstrip reflectarray antenna. This method is able to make full use of the advantages of the optimization algorithm and the full-wave simulation so as to achieve better design in comparison with the conventional method. Meanwhile, it can reduce the number of unknown parameters needed in the optimization to a low level and thus possesses the capacity of effectively designing large-scale microstrip reflectarray antennas.
The other sections of this paper are organized as the follows. Section 2 introduces the configuration of the microstrip reflectarray antenna to be designed in this work. The conventional design method is described and its design results are given in Section 3. The principle and procedure of the proposed design method are presented in Section 4. Finally, in Section 5, conclusions are drawn.
Antenna Configuration
To validate the proposed design method, it is employed to design a sample 300 mm × 300 mm microstrip reflectarray antenna operating at 5.8 GHz with high gain and end-fire property (i.e., the main beam of the antenna is set to be perpendicular to the reflector). As illustrated in Figure 1 (a), the feed source of the antenna is a rectangular patch antenna, whose configuration and parameters are shown in Figure 1 (b). It is propped by three metal sticks and placed at a distance of ℎ 1 from the reflector. The reflector consists of a metal ground fabricated by an aluminum board with thickness of 4.0 mm and a printed circuit board (PCB) with relative dielectric constant = 2.65 and thickness ℎ 2 = 1 mm. The PCB and the metal ground are separated by an air layer with thickness ℎ 3 .
As illustrated in Figure 1 (c), various reflection elements are etched on the PCB. Because of the geometrical symmetry and the antenna's end-fire property, the reflection elements whose distances to the center of the reflector are equal should be of the same reflection phase and thus the same structural parameters. Hence, the reflection elements can be indexed from 1 to according to their distance to the center where is the quantity of groups of the elements with different dimensions, as illustrated in Figure 1 (c).
As shown in Figure 1 (d), each element contains a square patch with a side length 1 as well as a square ring with an outer side length 2 and thickness , and it occupies a square area * . To simplify the structure of the reflection element, in this work, 1 and are taken as 1 ( ) = 1 * 2 ( ) and ( ) = 2 * 2 ( ), where 1 and 2 are two constant coefficients and is the index number of the element. Thus, for a reflection element, among its structural parameters 1 , 2 , and , only one of them is independent from the others. In this work, 2 is selected to represent the element dimension.
Design Using the Conventional Design Method
To provide a benchmark for comparison with and an initial design for the proposed method, the conventional design method is employed to design the microstrip reflectarray antenna introduced in the last section. The side length of the square area occupied by a reflection element, which is also the distance between the adjacent element centers, is set to be 0.6 , where is the free-space wavelength at the working frequency 5.8 GHz. This setting can help to avoid the appearance of grating lobes to a certain extent [2] . For a reflectarray antenna, the distance ℎ 1 is required to be large enough so that the incident wave to the reflection elements can be approximated as a plane wave [10, 18] , but ℎ 1 cannot be too large in order to ensure that the reflector covers at least the main lobe of the feed source. As a compromise, ℎ 1 is set to be 100 mm in this work. The reflection phase curve plays a key role in the conventional method for designing a microstrip reflectarray antenna. To compensate various phases, the reflection phase curve should cover a phase range of 360 degrees, and meanwhile the curve should be monotonically smooth in order to reduce the fabrication sensitivity [2] . After a serial of parameter sweeps using the full-wave simulation and employing the method presented in [9] for analyzing the reflection characteristics of the reflection elements, a monotonically smooth reflection phase curve is derived and presented in Figure 2 for 1 = 0.5, 2 = 0.15, and ℎ 3 = 12mm. In this work, the full-wave simulation is conducted by employing the popular commercial software CST MICROWAVE STUDIO (MWS) based on the finite integration technique (FIT). Then, the required phase compensation for each reflection element is calculated using the equation [13] 
where is the propagation constant in vacuum, which is equal to 2 / ; is the distance from the phase center of the feed source to th element; → r i is the vector from the center of the reflectarray to the element; and → r 0 is the unit vector in the main beam direction. In this work, the main beam of the antenna is set to be perpendicular to the reflector so that the angle between → r i and → r 0 is 90 degrees making the dot product → r i ⋅ → r 0 zero. Then, (1) is simplified to
Because the size of the reflector is fixed to be 300 mm × 300 mm and the element spacing is 0.6 ≈ 31 mm, the reflector can only contain a maximum of 9 × 9 reflection elements. The reflection elements have 15 different sizes. According to (2) that the simulated | 11 | is −18.4 dB at the working frequency of 5.8 GHz and | 11 | < −10 dB impedance bandwidth is about 2.2% (from 5.75 GHz to 5.88 GHz) and Figure 4 illustrates that the antenna has good end-fire property at 5.8 GHz, its gain is 19.7 dBi, and side-lobes are about 12.3 dB below the main lobe. It is worth noting from the simulation results that the three metal sticks have very strong effect on the antenna's radiation properties. But the conventional design method cannot take into consideration the shielding effect of the metal sticks and just simply ignored it. According to the CST simulation, the gain of this antenna should go up to 21.5 dBi, 1.8 dB over the gain of 19.7 dB, if the three metal sticks are taken away. This is a good example demonstrating the defect of the conventional design method.
The Proposed Design Method by Optimizing the Reflection Phase Curve

Principle of the Proposed Design Method.
As discussed above, for the microstrip reflectarray antenna, the conventional design method may not be effective due to the approximations made in the design procedure. But the common optimization method, which employs an optimization algorithm in conjunction with the full-wave simulation to optimize antennas' structural parameters, is impractical for largescale microstrip reflectarray antennas because of too many unknown parameters from various elements in the reflector. In this section, a new design method, which is effective and with acceptable computation burden, is proposed for the first time for the microstrip reflectarray antenna. The reflection phase curve plays a key role in the microstrip reflectarray antenna design. Using a reflection phase curve, the structural parameters of the reflection elements can be determined according to the required phase compensation of those elements. Hence, one would expect that optimizing a reflection phase curve may result in the same effect on the antenna designed as optimizing the structural parameters. Moreover, the reflection phase curve is a continuous curve. Its continuity allows using only a few parameters to describe it, and thus the unknown parameters needed in the optimization can be controlled to a very low level even for a large-scale microstrip reflectarray antenna.
To validate the proposed design method, the microstrip reflectarray antenna introduced in Section II is designed as an example. In the design procedure, an optimization algorithm, that is, the genetic algorithm (GA), in conjunction with the full-wave simulation is employed for optimizing the reflection phase curve; and then the optimized curve is used to design the microstrip reflectarray antenna for high performances.
Design Procedure.
The GA is a powerful and efficient optimization technique, which makes use of a natural evolution process: the improvement of a population of parameters along with successive generations by applying the genetic operators, for example, mutation, selection, and crossover. The GA is adopted in this paper to optimize the reflection phase curve of the microwave reflectarray antenna.
A reflection phase curve is typically "S" shaped. In this work we use the DoseResp Function defined in the following to fit the reflection phase curve:
where is the phase compensation value, represents the structural parameters that control the elements' reflection phase, and 1 , 2 , Mid, and are 4 unknown parameters. By using a curve fitting tool available in Matlab, the reflection phase curve shown in Figure 2 can be expressed Besides 1 , 2 , Mid, and , the parameters and ℎ 1 are also taken into the optimization for better results. Then, there are 6 unknown parameters that need to be optimized. For those unknown parameters, the determination of their possible value range is very important to the GA optimization because it has a big impact on the optimization efficiency and results. These parameters' initial values can be obtained from the design using the conventional method; and then after giving a considerable margin for the GA-based optimization, the parameters , ℎ 1 , 1 , 2 , Mid, and are confined to be 0.35 ∼0.85 , 70 mm∼130 mm, −650∼−400, −100∼100, 0.02 ∼30, −0.3∼−0.001, respectively.
The goal of the GA optimization is to achieve a high gain and good impedance match at the working frequency of 5.8 GHz. Hence, the fitness function, which represents the desired performance requirements and guides the direction of the GA optimization, is defined as
where Fitness represents the value of the fitness function; MaxGain refers to the radiation gain at the working frequency of 5.8 GHz; and Max 11 denotes the maximum | 11 | over a preset frequency band ranging from 5.7 to 5.9 GHz. The values of the gain and | 11 | are in dB. 1 and 2 are weight coefficients, whose values should emphasize the relative importance of each term in the design requirements, but no specific rule exists for determining their values. In this work they are selected by experience and are set to be 0.03 and −0.02, respectively. A GA-based optimization is executed. In the optimization, the GA employs tournament selection with elitism, single-point crossover with probability = 0.5, and jump mutation with probability = 0.2, and it uses 50 generations and 100 individuals in a population.
In the design procedure, the performance of the antenna is simulated by full-wave simulations employing CST MWS. To reduce the heavy computational burden, the design procedure is parallelized in a master-slave model and implemented on a Beowulf cluster system [13] . The Beowulf cluster system consists of 32 processors interconnected by a fast 1000 Mb/s Ethernet. One processor, named the master processor, carries out the GA optimization while all the others, called slave processors, execute the full-wave simulations.
Results and Analysis.
The parameters determined by the GA-based optimization are as follows:
= 0.409 , ℎ 1 = 95.75 mm, 1 = −521.34, 2 = −48, Mid = 13.05, and = −0.08. Because the optimized element spacing is 0.409 , which is less than that in the conventional design described above, the reflector with fixed size of 300 × 300 mm 2 is able to contain 11 × 11 reflection elements. It can be seen that there are 20 reflection elements with different dimensions in the reflector of this antenna. Noticing that each different element has one unknown parameter, and adding the parameters co and ℎ 1 , there would be 22 unknown parameters in need for optimization if we utilize the common optimization method. Obviously, it is very difficult for an optimization algorithm, even for a powerful algorithm such as the GA, to achieve good results with so many parameters that need to be optimized.
In Figure 5 , the optimized reflection phase curve is compared with the origin one. Based on the optimized reflection phase curve, the structural parameters of the reflection elements are determined; and then a prototype antenna is fabricated and depicted in Figure 6 . To illustrate the dimension of the antenna, a ruler is placed in front of it in the figure. The reflection coefficient of the prototype antenna is measured with an Agilent E8362B vector network analyzer. In Figure 7 , the measured and simulated | 11 | curves are compared with each other and a good agreement is observed. Also, the figure illustrates that | 11 | < −10 dB impedance bandwidth is about 2% (from 5.77 GHz to 5.88 GHz), which is very close to that achieved by the conventional design method.
The radiation patterns of the proposed antenna are measured in an anechoic chamber, and the measurement results are compared with the simulated radiation patterns in the plane and plane at 5.8 GHz. The comparison is shown in Figure 8 , where one observes that they also agree very well and this antenna possesses good end-fire property. The measured side-lobes are about 18 dB below the main lobe, and the measured cross-polarization levels are less than 20 dB in both and planes. method has considerably improved the gain of the microstrip reflectarray antenna over the frequency band from 5.6 GHz to 6.0 GHz; at the working frequency of 5.8 GHz, it achieves a gain of 21.9 dB, which is 2.2 dB over that of the conventional design (19.7 dBi) and even more than that of the conventional design without three metal sticks (21.5 dBi). This demonstrates that the proposed optimization method is able to remedy or offset the adverse effects caused by some factors such as the support frame's shield.
Conclusions
Currently, the design of the microstrip reflectarray is under an embarrassing condition. The conventional design, which is adopted for most microstrip reflectarray antennas, may not be effective due to many approximations made in its design procedure, while the common optimization method that optimizes antennas' structural parameters is impractical for large-scale antenna because of too many parameters in need for optimization. A novel design method is proposed in this paper. It employs an optimization algorithm such as the GA in conjunction with the full-wave simulation to optimize the reflection phase curve and utilizes the optimized curve to design a microstrip reflectarray antenna.
As an example, the design of a microstrip reflectarray antenna with fixed size of 300 × 300 mm 2 for high gain is presented. The results demonstrate that the proposed method is feasible and effective. Being able to avoid the approximations made in the conventional design, it can greatly improve the antenna's gain over 2.2 dB (from 19.7 dBi to 21.9 dBi). By controlling the number of the unknown parameters in need for optimization to a low level, the proposed method only need to optimize 6 parameters, but the common optimization method has to optimize 22 parameters. Hence, the proposed method has the ability of designing large-scale antennas. These merits will make the proposed method to be a powerful tool for the design of microstrip reflectarray antennas.
